The objective of the Tank Focus Area Optimize Waste Loading task is to enhance the definition of the acceptable processing window for high-level waste vitrification plants by reducing the uncertainty of various compositionaVproperty models through specific data development. With a reduction in model uncertainty, limitations on current acceptance constraints may be reduced allowing for increased waste loadings and larger processing or operational windows. Enhanced compositiodproperty model predictions coupled with an increased waste loading will decrease the processing time and waste glass disposal costs (i.e., overall lifecycle costs). This should also lead to a better definition of the acceptable processing window for Hanford and DWPF to develop strategies for treating different HLW types (sequencing and blending). Two such compositional/property models currently being evaluated by the Tanks Focus Area are related to the development of amorphous phase separation and the prediction of liquidus temperature in multicomponent borosilicate glasses. This status report describes the current status for predicting of amorphous phase separation in multicomponent borosilicate glasses with reference to the two major development criteria (composition and thermal history). The goal of this subtask is to perform targeted research activities to define and, where applicable, extend the boundaries of existing phase stability models that restrict HLW glass waste loading. Specifically, the focus will be on delimiting boundaries for immiscible phase separation. The development of data, understanding, and quantitative description for composition and kinetic effects on the development of amorphous phase separation will continue in FY98. This effort will provide insight into the compositional effects on phase stability and will lead to a better understanding of the methods used to predict the development of amorphous phase separation in HLW glasses.
TECHNICAL STATUS REPORT ON THE PREDICTION OF AMORPHQUS PHASE SEPARATION IN MULTICOMPONENT BOROSILICATE GLASSES (U) Objective
The objective of the Tank Focus Area Optimize Waste Loading task is to enhance the definition of the acceptable processing window for high-level waste vitrification plants by reducing the uncertainty of various compositionaVproperty models through specific data development. With a reduction in model uncertainty, limitations on current acceptance constraints may be reduced allowing for increased waste loadings and larger processing or operational windows. Enhanced compositiodproperty model predictions coupled with an increased waste loading will decrease the processing time and waste glass disposal costs (i.e., overall lifecycle costs). This should also lead to a better definition of the acceptable processing window for Hanford and DWPF to develop strategies for treating different HLW types (sequencing and blending). Two such compositional/property models currently being evaluated by the Tanks Focus Area are related to the development of amorphous phase separation and the prediction of liquidus temperature in multicomponent borosilicate glasses.
This status report describes the current status for predicting of amorphous phase separation in multicomponent borosilicate glasses with reference to the two major development criteria (composition and thermal history). The goal of this subtask is to perform targeted research activities to define and, where applicable, extend the boundaries of existing phase stability models that restrict HLW glass waste loading. Specifically, the focus will be on delimiting boundaries for immiscible phase separation. The development of data, understanding, and quantitative description for composition and kinetic effects on the development of amorphous phase separation will continue in FY98. This effort will provide insight into the compositional effects on phase stability and will lead to a better understanding of the methods used to predict the development of amorphous phase separation in HLW glasses.
Background
Amorphous phase separation is defined as the separation, upon cooling, of a homogeneous melt into two or more liquid phases (e.g., glass-in-glass phase separation). Borosilicate glasses are prone to amorphous phase separation. Two domains, differing in composition, typically develop when an alkali borosilicate undergoes glass-in-glass phase separation. One domain is silica-rich while the other is an alkali-boron enriched phase. Multicomponent borosilicate glasses tend to partition in a similar manner.
Tomozawa [ 11 recognized three microstructural types depending upon whether the kinetics of separation are governed by nucleatiodgrowth or spinodal decomposition mechanisms. The three microstructural types are:
Type A Both phases are highly interconnected and continuous structures.
(spinodal decomposition)
The more durable phase is dispersed as discrete droplets in a continuous matrix of the less durable phase.
The less durable phase exists as discrete droplets in a continuous matrix of the more durable phase.
Type B:
Type C:
Depending upon the developed microstructure, phase separation can profoundly affect glass properties, in particular, durability towards aqueous dissolution. The rate controlling factor in the dissolution process is primarily defined in terms of the durability of the continuous matrix phase. Chemical durability usually deteriorates upon the development of a Type A or Type B microstructure because the less durable (alkali-boron enriched) phase is continuous in both cases. The development of a Type C microstructure usually has little effect on durability, but has been shown to improve the durability in some cases. [2, 3] The transition in compositional space between homogeneous borosilicate glasses and those characterized by a phase separated microstructure may be delineated by a sharp change in durability. For glasses within or near the immiscibility dome, a poor response to a standard chemical durability test (such as the Product Consistenc Test) may be a good indicator for the potential of amorphous phase separation? A deterioration in durability for a phase separated glass is the primary concern for nuclear waste glasses which is heightened by the fact that most metal oxides and fission products tend to partition into the more soluble phase.
[4] A deterioration in product performance may occur over an extremely narrow compositional range.
A poor response to a standard durability test could be attributed to several factors including the. presence of amorphous phase separation, effects of crystallization, or the lack of a 3-D glass structure. The durability response can be used as an indicator for phase separation but detailed microstructural analysis of the glass is required to determine if phase separation has developed. In fact, if the position of the immiscibility dome is generally known then the durability response ' could be used for further definition assuming a Type A or B microstructure develops.
Equally important to the effect of amorphous phase separation on the glass durability is the predictability of immiscibility within multicomponent systems. In binary systems, determination of miscibility boundaries is fairly straight forward and has been well documented. However, as the systems become progressively more complex (i.e., binary to ternary to multicomponent), detail mapping of immiscibility domes requires an extensive study involving the preparation and evaluation of numerous glasses. Therefore, it would be advantageous to model the immiscibility domes of multicomponent systems based on the knowledge of simpler systems and single-component effects of modifying cations in ternary systems.
Several attempts have been made to empirically or theoretically predict immiscibility behavior within multicomponent systems. Kawamoto and Tomozawa [5] have proposed a "simple and reliable" method to estimate the miscibility boundaries in ternary silicate systems. Although this method has been successfully in predicting immiscibility in several ternary silicate systems, it has not been applied to the multicomponent systems typical of nuclear waste vitrification. Other techniques have been developed to predict or estimate the immiscibility boundaries but were limited to binary and a few select ternary systems and again were not applied to multicomponent borosilicate systems. Another model developed at the Savannah River Technology Center (currently being utilized by DWPF) is based on the development of amorphous phase separation in quaternary systems.* Good discrimination between homogeneous and phase separated glasses was achieved when applied to simulated high-level waste glasses.
One possible means of further defining the line of demarcation for phase separation would be based on a durability response. However, that alone is insufficient due to the strong relationship between glass composition and durability. Other analytical techniques are required to confirm the presence or absence of a phase separated microstructure. Methods typically used include optical microscopy, scanning electron microscopy (SEM) and transmission electron microscopy (TEM). The particular method of choice is dependent upon the scale of separation and sometimes requires an acid-etch to enhance the phase separation contrast.
* A detailed description of this model is not given due to a pending patent. [Jantzen 19951 * More sophisticated, sensitive techniques can also be used such as Small Angle X-ray Scattering (SAXS), Nuclear Magnetic Resonance (NMR), and/or Small Angle Neutron Scattering ( S A N S ) depending upon the scale of separation. The scale of separation is highly dependent upon the ' thermal history (i.e., kinetically driven).
The development of amorphous phase separation is both thermodynamically and kinetically driven. That is, its development is not only a function of composition but also is highly dependent upon kinetics factors, of which thermal history is of primary importance. Sufficient heat treatment may be necessary for kinetic development of amorphous phase separation even if the glass composition is favorable for its development. Thermal history not only determines the formation probability but also has a strong influence on the scale to which the microstructure develops. The extent or degree of phase separation in high-level glasses can therefore only be controlled if the thermal history is controlled. To avoid phase separation in a uncontrolled cooling rate process one is limited to control over composition. High-level waste glasses are formulated outside the immiscibility dome to thermodynamically avoid the development of amorphous phase separation.
In order to avoid the immiscibility dome, the location of the compositional transition region (whether sharp or diffuse) must be known. If the position of the immiscibility dome is well understood, glasses can be formulated close to the immiscibility dome without risking the development of amorphous phase separation. This detailed understanding and the ability to predict the development of amorphous phase separation could translate into a larger compositional window from which the particular vitrification process is based. Many existing predictive models (based on composition/property relationships) have large uncertainties and their application may lead to a reduction in waste loading andor the available processing window in terms of compositional space. The existing databases although limited support this conservative approach. The present situation calls for expanding the databases and developing a tool to optimize waste loading and/or increase the compositional processing window, thereby minimizing production and disposal costs. Transmission electron microscopy (TEM) was used to evaluate both "as-fabricated" and "acid etched" glasses. Samples investigated were melted at 1150°C for 4 hours and then "air cooled" after pouring onto a stainless steel plate after 4 hours at 1150°C. Samples were evaluated on as "as-fabricated" or "etched" basis. Acid etching is a common method used to enhance the phase separation contrast.** Etched samples were placed in 0.1 % HF or 0.1 % HCl for time periods of 30 ** Texture within a microstructure is sometimes masked by similar density differences between the two phases that enhances the detection of amorphous phase separation via electron microscopy techniques. Also, the scale of separation can prohibit an accurate classification unless etching is' used to provide surface relief. seconds to 1 minute. When analyzing etched samples, caution was used to avoid the misclassification of amorphous phase separation for artifacts remaining on the sample as a result of the etching process. Secondary phases enriched in F and/or C1 are often detected as a result of the etching process.
Sample Selection
DWPF is currently operating a Batch 1 "sludge-only" flowsheet that blends Tank 51 sludge with Frit 200.+ A compositional variation study for the Batch 1 flowsheet was performed in which glasses were formulated ranging from 20 -30 wt% sludge (in 1 wt% increments) along the projected Process Acceptable Region (PRAR) as defined by current models. In the study, a relatively constant durability (based on normalized boron release) was measured for glasses with Frit 200 contents between 70 and 76 wt% (see Figure 1) . However, a general trend in the data suggest that the durability gradually decreases at higher frit contents (2 76 wt% Frit 200). It should be noted that the measured B release rates for glasses within the PRAR (as well as those outside the PRAR at higher waste loadings) were well below the Environmental Assessment (EA) glass limits.
Use of the current DWPF phase separation discriminator predicts (based on as analyzed compositions) three WP200 glasses to be phase separated WP200-4; WP200-14; and WP200-16.' These are three of the 6 glasses near the frit-rich end member that show higher than 0.1 g/L (log @3]) release in Figure 1 . The development of amorphous phase separation may explain the decreased durability of those glasses. Two WP200 glasses were chosen for evaluation: WP200-4 and WP200-5. Although WP200-5 was not predicted to be phase separated (based on "as analyzed" compositions), WP200-5 had the lowest durability of all WP200 glasses evaluated and is near the frit-rich end-member. Therefore, the glass may be phase separated although not predicted due to analytical error.
The "sludge-only'' flowsheet does not include precipitate hydrolysis aqueous (PHA) additions; only Tank 5 1 sludge and Frit 200. WP200-15 was not predicted to be phase separated based on the analyzed chemical composition although its composition was similar to WP200-14 and WP200-16 and also showed a fairly high B release. for "Sludge-Only" WP200 Glasses.
A second flowsheet (the "coupled flowsheet") of interest to DWPF utilizes Tank 5 1 sludge, Frit 202, and PHA. A compositional variation study has been performed to evaluate the expected processing window for this flowsheet as well. Figure 2 graphically shows the log normalized boron release plotted against weight percent
Frit 202 (at constant PHA content) for some WP202 glasses. For each series of constant PHA curves, there appears to be a "break point" in the durability. That is, the measured log boron release remains relatively constant at lower frit loadings but increases quite dramatically at the "break point". This break point may be associated with the formation of amorphous phase separation. The highest frit containing glasses for the 17.5%, 12.5%, and 2.5% PHA curves are WP202-4, WP202-8. and WP202-16, respectively. The current discriminator predicts (based on analyzed chemical compositions) that WP202-4 and WP202-8 are phase separated which could be the basis for the "sudden reduction" in durability.++' Frit 202 is known to be phase separated (see Figure 3 -nucleatiodgrowth microstructure). Therefore, as the WP202 glasses become more frit-rich, one may expect that the glasses would have a greater potential to be phase separated. The current discriminator model also predicts WP202-3, -4, -8, -12, -22, and -23 to be phase separated. For this report WP202-4 and WP202-9 (predicted to be homogeneous) were selected for evaluation. ttt WP202-16 is not predicted to be phase separated based on the analyzed compositions but was the only glass analyzed exceeding the quality control window of lW3% on an oxide basis. J Table I lists the simulated HLW glasses evaluated in this study. Acid etching was utilized to enhance phase separation contrast for certain samples. Also listed in Table I are two simulated HLW glasses (2-29 and 2-3 1) known to be phase separated.
[ 10,111 The thermal history of these two glasses is vastly different than all other listed in Table I . These glasses were subjected to a heat treatment corresponding to the calculated cool down schedule of the centerline within a HLW canister. SRTC model predictions (based on chemical analysis) for the presence of amorphous phase separation are also given. "Homogeneous" classification indicates that the model predict no amorphous phase separation. Prediction'
Results and Discussion

WP200 Glasses
WP200-4 was predicted to be phase separated (see Table I ) and is less durable than most counterpart WP200 glasses (see Figure 1) . In fact, only one glass (WP200-5) had a poorer durability as measured by boron release from the standard PCT test. Figures 4 and 5 show the TEM analysis of the "as-fabricated" WP200-4. Both TEM micrographs appear homogeneous with little indication of amorphous phase separation. However, when WP200-4 is acid etched (see Figure 6) , a mottled texture is present in the glass structure (this structure is extremely difficult to detect due to its scale). For comparison purposes, Figures 7 and 8 show TEM micrographs of Glass 2-29 and Glass 2-3 1. Glass 2-29 shows a classic example of a phase separated microstructure developed by the nucleatiodgrowth mechanismamorphous spheres isolated in a continuous matrix of a second composition. Both phases appear to be highly interconnected in the microstructure of Glass 2-3 1 which is related to spinodal decomposition. It should be noted that the current discriminator predicts 2-29 and 2-3 1 to be phase separated and homogeneous respectively. The misclassification of 2-3 1 could be the result of slight compositional errors or the heat treatment effects. The enhanced scale of separation observed in Figures 7 and 8 could be related to the thermal history of these two glasses since these glasses were subjected to a calculated centerline canister cooling schedule. This heat treatment schedule would kmetically favor the development of amorphous phase separation relative to the "as fabricated" (or air quenched) WP200 glasses. The results for the presence of amorphous phase separation in WP200-4 are inconclusive. However, based on the texture and the durability response it appears that the glass is phase separated but the scale of separation is extremely small. Further analysis on WP200-4 needs to be performed, including the effects of heat treatment or the use of more sensitive analytical techniques to confirm the presence of amorphous phase separation. (magnification 40,000~) WP200-5 was the other "sludge-only" flowsheet glass evaluated. This glass had the lowest durability of all the WP200 glasses ( Figure 1) . As the WP200 glasses become compositionally more frit enriched the durability seems to decrease. However, this glass was predicted to be homogeneous by the current phase separation discriminator based on the chemical analysis. Figures 9 and 10 show TEM micrographs of the "as fabricated" WP200-5 glass. A definite texture is observed in the quenched glasses. Although amorphous phase separation was not confirmed through energy dispersive or more sophisticated analytical techniques such as energy electron loss spectra (EELS), it is highly probable that amorphous phase separation exist. Etched samples were not evaluated due to time constraints. It is possible that the homogeneous prediction by the current model was related to an inaccurate chemical analysis. These slight discrepancies suggest that the immiscibility dome is in close proximity to predicted values. Therefore, a more detail understanding of the development of amorphous phase separation could lead to model enhancement translating to an extension of the operational window. Figure 9 . TEM Micrograph of WP200-5 "As-fabricated".
~ Figure IO . TEM Micrograph of WP200-5 "As-fabricated".
WP202 Glasses
Three WP202 glasses were evaluated: WP202-4, WP202-9, and WP202-15. Oniy one of these three glasses (WP202-4) was predicted to be phase separated by the current discriminator. Again, using the durability response as an indicator of the potential for phase separation, WP202-4 is the only glass of these three that shows adramatic increase in boron release for similar PHA levels (refer to Figure 2) . A mottled texture is observed in the "as fabricated" WP202-4 samples (Figures 11 and  12) . Again, the scale of separation is extremely small as a result of the thermal history (e.g., quenched glass). .
Figures 13 and 14 show TEM micrographs of the "as fabricated" WP202-9 sample. The unetched samples appear to be homogeneous which corresponds well to model predictions. Upon etching (Figure 15 ), it appears that the sample remains homogeneous (no enhancement of phase separation) although artifacts are present of the glass surface due to the etching process. These artifacts are clearly shown on the surface of the etched sample.
---- . I.,.
, . P WP202-15 was the last simulated HLW glass evaluated in this study. The current model predicts this glass to be homogeneous based on the chemical analysis.
Projections of the immiscibility dome location suggest that this glass is a "borderline" glass in terms of compositionally favoring phase separation. Based on both "as-fabricated" and etched samples (Figures 16 and 17, respectively) , there appears to be a mottled texture in the glass microstructure. If amorphous phase sepxation is present, the scale of separation is extremely small. Although model predictions do not suggest that phase separation exists, further investigation should evaluate the effects of kinetics (e.g., thermal heat treatment) on the development of phase separation within this glass. 
Conclusions
Based on the limited number of glasses evaluated in this study, the current phase separation discriminator predicts the development of amorphous phase separation with high confidence. Typically model predictions are conservative (due to large uncertainties) to ensure phase separated glasses are not produced which may unnecessarily limit the compositional operational window. Slight discrepancies between model predictions and microstructural analyses suggest that the immiscibility dome for these multicomponent glasses is in close proximity to predicted values but can be predictions could be enhanced.
Comparing relative durabilities to model predictions for phase separation, it appears that the development of amorphous phase separation translated into a reduction in durability for some of the simulated glasses. Although the durability was reduced, the boron release values were well below those of the Environmental Assessment glass. The reduction in durability suggests that a Type A or B microstructure developed in these glasses where the less durable phase was the continuous phase. However, it should be noted that durability reductions could also be the result of a lack of structural integrity (e.g., the effect of A120,) or the presence of crystalline phases. A more detailed evaluation of other WP200 and WP202 glasses is warranted to support this hypothesis.
If the position of the immiscibility dome is well understood, glasses can be formulated close to the immiscibility dome without risking the development of amorphous phase separation. This detailed understanding and the ability to predict the development of amorphous phase separation could translate into a larger compositional window from which the particular vitrification process is based.
Path Forward
The development of data, understanding, and quantitative description for composition and kinetic effects on the development of amorphous phase separation will continue in FY98 through the P A . This effort will provide insight into the compositional effects on phase stability and will lead to a better understanding of the methods used to predict the development of amorphous phase separation in HLW glasses. The effect of A1203 and P,O, will be the primary compositional effects evaluated. For example, various studies have indicated that the presence of A120, in borosilicate glasses above a certain quantity (typically around 3.5 -4 wt%) will limit or suppress the development of amorphous phase separation. To address this issue, HLW glasses within the immiscibility dome will be evaluated with varied levels of A120, and P2q5. The experiments will be coordinated with the joint PNNL-SRTC test matrix.
The experiments will be designed and performed to extend (where applicable) current models and better define their range of applicability. Generation of additional data (e.g., predicting the development of amorphous phase separation or nepheline precipitation) is expected to allow a larger processing window to be defined for DWPF or future HLW vitrification facilities at Hanford by relaxing model limitations.
